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The rich phenomenology engendered by the coupling between the spin and orbital degrees of
freedom has become appreciated as a key feature of many strongly-correlated electron systems. The
resulting emergent physics is particularly prominent in a number of materials, from Fe-based uncon-
ventional superconductors to transition metal oxides, including manganites and vanadates. Here,
we investigate the electronic ground states of α-Sr2CrO4, a compound that is a rare embodiment
of the spin-1 Kugel-Khomskii model on the square lattice – a paradigmatic platform to capture the
physics of coupled magnetic and orbital electronic orders. We have used resonant X-ray diffraction
at the Cr-K edge to reveal Néel magnetic order at the in-plane wavevector QN = (1/2, 1/2) below
TN = 112K, as well as an additional electronic order at the “stripe” wavevector Qs = (1/2, 0)
below Ts ∼ 50K. These findings are examined within the framework of the Kugel-Khomskii model
by a combination of mean-field and Monte-Carlo approaches, which supports the stability of the
spin Néel phase with subsequent lower-temperature stripe orbital ordering, revealing a candidate
mechanism for the experimentally observed peak at Qs. On the basis of these findings, we propose
that α-Sr2CrO4 serves as a new platform in which to investigate multi-orbital physics and its role
in the low-temperature phases of Mott insulators.
Multi-orbital physics plays an important role for
several collective electronic phenomena in strongly-
correlated systems, including high-Tc superconductivity
and exotic magnetism [1, 2]. Some model materials, such
as LaMnO3 [3], KCuF3 [4], and YVO3 [5], have enabled
the exploration of the active role played by the orbital
degrees of freedom in determining the symmetry of the
electronic ground state. In particular, the essential ingre-
dients of unconventional superconductivity in the iron-
based superconductors (FeSCs) are purported to involve
multi-orbital electronic states and their interplay with
magnetism [6–8], in remarkable contrast to the effective
single-orbital nature of cuprate superconductors [9].
A few chromate perovskites ACrO3 (A =Ca, Sr, and
Pb) with a Cr4+ valence state were synthesized by sev-
eral groups four decades ago [10–12]. Recent studies on
CaCrO3 and SrCrO3 have revealed novel physics, draw-
ing more attention to these chromate compounds [13–15].
For example, both compounds are antiferromagnetic con-
ductors, but the exact nature of the ground state has re-
mained elusive. An interesting orbital ordering transition
with electronic phase coexistence has been discovered in
SrCrO3 [14], though it is unclear if the orbital degree of
freedom is essential to carrier itinerancy within the an-
tiferromagnetic ground state. Moreover, despite the iso-
valency of Ba and Sr, the sister compound BaCrO3 was
found to be an antiferromagnetic insulator [16, 17], with
theoretical studies proposing that the mechanism for the
insulating state involves, again, some form of orbital or-
dering [18, 19]. A recent study of bilayered Sr3Cr2O7 re-
vealed the presence of an exotic ordered phase of orbital
singlets arising from the interplay between the spin and
orbital degrees of freedom [20]. It is thus not surprising
that similar phenomena at the nexus between magnetism
and orbital physics were proposed also for the single-layer
(n = 1) member of the Ruddlesden-Popper series of chro-
mates, Sr2CrO4 [21]. However, the microscopic nature of
the ground state of this compound remains unknown.
In the present work, we focus on α-Sr2CrO4, which
crystallizes in the K2NiF4-type structure that makes it
isostructural to La2CuO4. With its rare Cr4+ oxida-
tion state, it realizes a unique 3d2 electronic configu-
ration among layered oxides, resulting in active t2g or-
bitals with total spin S = 1 on a square lattice. De-
spite several studies characterizing this unique material
[22–24], a clear picture of its physical properties has re-
mained elusive, partly owing to known challenges with
the synthesis of bulk single crystals. Successful growth of
polycrystalline samples of α-Sr2CrO4 by means of high-
pressure (> 5GPa) and high-temperature (1500 ◦C) syn-
thesis has been reported by several groups[22, 25, 26].
Magnetization characterization of these polycrystalline
samples reveal a sharp antiferromagnetic transition at
TN ≈ 112K[22], which was further confirmed by muon
spin rotation (µ+SR) measurements [23, 24]. The resis-
tivity of sintered pellets of α-Sr2CrO4 reveal insulating
behavior [22]. In addition, single-crystalline samples of α-
Sr2CrO4 have been synthesized as thin films using pulsed
laser deposition (PLD), which are determined by optical
conductivity to be Mott-Hubbard type insulators with a
charge gap ∆ ≈ 0.3 eV [27]. While previous studies pro-
vide evidence for an antiferromagnetic insulating ground
state in α-Sr2CrO4, no direct reciprocal space studies of
the long-range electronic order in these compounds have
been reported to date.
To address this open question, we have synthesized
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FIG. 1: Resonant X-ray scattering measurements of α-Sr2CrO4 at the Cr-K edge. A: unit cell of α-Sr2CrO4, which
is tetragonal with I4/mmm space group at room temperature. B: Reciprocal space cartography of scattering scans in the
(H,K) plane. C1-C4: individual RXS scans across the symmetry-equivalent ordering vectors (±0.5,±0.5, 4.84) (see insets).
single-crystalline films of α-Sr2CrO4 with the aim of
resolving its magnetic ground state and to search for
other ordered phases within the electronic degrees of free-
dom. We have sought reciprocal space signatures of elec-
tronic long-range ordering using resonant x-ray scattering
(RXS) measurements at the Cr-K edge (with photon en-
ergy Eph ≈ 6.0 keV). At the Cr-K edge, photons that are
tuned to the Cr-1s → 4p transition become resonantly
sensitive to the charge, spin, and orbital degrees of free-
dom at the Cr site, a capability that has made RXS a
valuable probe to study electronic ordering in transition
metal oxides [28, 29].
Thin film samples of c-oriented Sr2CrO4 have been
grown on (001) SrTiO3 substrates using pulsed laser de-
position (PLD) from a KrF excimer laser (λ = 248 nm).
Deposition was performed under high vacuum with a
laser pulse energy and repetition rate of 400mJ and 4Hz,
respectively, with the substrate heated to 900 ◦C. The
laser target contained a stoichiometric mixture of SrCO3
and Cr2O3 prepared by a solid state reaction at 920 ◦C
under a constant N2 flow for 24 hours. The products
of this reaction were ground and pressed into a pellet,
then sintered under an Ar flow at 1200 ◦C for 24 hours.
The main phase of the target was determined to be β-
Sr2CrO4, however the final ∼ 100nm film was confirmed
by X-ray diffraction to be pure α-Sr2CrO4, with no traces
of the sister phase (see Supplementary Information, in
particular Fig. S1, for additional details). Resonant X-
ray measurements were performed at the Integrated In-
Situ and Resonant X-ray Studies (ISR) beamline- 4-ID
of NSLS-II at Brookhaven National Laboratory.
Figure 1A shows the unit cell of α-Sr2CrO4, which is
tetragonal with space group I4/mmm at room temper-
ature. Throughout this paper, reciprocal lattice vec-
tors (H,K,L) are scaled to reciprocal lattice units (r.l.u)
for the room temperature tetragonal structure (that is,
in units of 2pi/a, 2pi/a, 2pi/c, where a = b = 3.87Å,
c = 12.55Å). Resonant X-ray scattering scans were per-
formed in the reciprocal (H,K) plane parallel to the crys-
tallographic CrO2 layers, as illustrated in Figure 1B. We
have surveyed the high-symmetry directions [H, 0] and
[H,H] using incident X-rays tuned to the Cr-K edge
resonance E = 6.009 keV to resonantly enhance Bragg
reflections of electronic nature. Under these experi-
mental conditions, we have observed four well-defined,
symmetry-equivalent diffraction peaks at the Néel vec-
tors QN = (±1/2,±1/2, L) (r.l.u), with L ∼ 4.84, as
shown in Fig. 1C1-C4. These diffraction signatures re-
veal the presence of a
√
2 × √2 electronic superlattice
which is forbidden by the high-symmetry structure. The
disappearance of the superlattice reflection away from the
Cr-K resonance suggests that it results from a reorder-
ing of the electronic subspace. The in-plane correlation
length ξab = a(piFWHM)−1 ∼ 4000 Å(∼ 1000 unit cells)
is much greater than the out-of-plane correlation length
ξc ∼ 250 Å(∼ 20 unit cells), though we note that the lat-
ter could be limited by the approximate 1000 Åthickness
of the films in the c direction. The non-integer out-of-
plane projection of the ordering vector (L ≈ 4.84) reveals
an incommensurate nature of the ordering pattern along
the c axis.
To uncover the nature of these reflections, we have
studied their evolution as a function of temperature, pho-
ton energy, and azimuthal angle. Figure 2A shows a series
of representative rocking curves atQN = (1/2, 1/2, L) for
various temperatures, with the integrated intensity ex-
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FIG. 2: Nature and characteristics of the Néel-
ordered state. A: energy-integrated sample rocking scans
across the resonant reflection QN = (1/2, 1/2, L) at various
temperatures. B: temperature dependence of the integrated
scattering intensity around QN (markers) and of the mag-
netic susceptibility χ (T ), from [22] (gray line). C: energy de-
pendence of the integrated RXS intensity around QN (purple
diamonds) and near-edge X-ray absorption scan (XANES, or-
ange trace), both acquired at 20K; the dash-dotted gray and
teal lines represent, respectively, simulations of the XANES
spectrum and the RXS signals from magnetic scattering us-
ing FDMNES program (see text and Supplementary Informa-
tion). D: azimuthal angle (ψ) dependence of the integrated
intensity (green squares) of the QN reflection, with the blue
curve representing the simulated azimuthal dependence ex-
pected for the magnetic model described in the text.
tracted from Gaussian fits and plotted in Fig. 2B. A clear
transition occurs at T ≈ 110K, which coincides with the
reported Néel temperature for polycrystalline samples re-
vealed by bulk magnetometry (see susceptibility trace
from Ref. [22] in Fig. 2B), as well as muon spin rotation
measurements [23, 24]. In Fig. 2C, we plot the integrated
intensity of the rocking curve for the QN reflection as
a function of the photon energy at T = 20K, showing
a clear resonant enhancement around E = 6.009 keV, at
the main Cr-K edge, measured using near edge X-ray
absorption (XANES) spectrum measured in fluorescence
mode. Given the close correspondence of the transition
temperature of this peak with the reported Néel tem-
perature, we performed ab initio calculations using the
FDMNES program to model the RXS intensity resulting
from Néel-type magnetic order [30]. The RXS intensity
and XANES curves are overlaid onto the experimental
data points in Fig. 2C, confirming the resonant enhance-
ment of the magnetic peak at the Cr-1s→ 4p transition
(for more details, see Supplementary Information).
To further examine the symmetry of the ordered phase,
we also study the azimuthal angle dependence of the in-
tegrated intensity at QN . RXS scans across QN were
collected for different values of the azimuthal ψ, which
corresponds to a rotation around the axis parallel to QN .
Here, an azimuthal angle ψ = 0 coincides with a sam-
ple orientation that has the (1, 1, L) crystallographic di-
rection lying in the scattering plane. The clear 2-fold
modulation of the RXS intensity as a function of the az-
imuthal angle, shown in Fig. 2D, is consistent with a mag-
netic structure with moments oriented along (1,−1, 0),
i.e. perpendicular to the in-plane projection of the Néel
ordering vector. The collective information, including the
resonance energy profile, azimuthal symmetry and polar-
ization restrictions (from the incoming photons) are most
consistent with magnetic scattering. This interpretation
is further bolstered by the close correspondence between
the observed onset temperature and previous reports of
the Néel transition [22–24]. We also note that, among
the possible high-symmetry magnetic space subgroups,
the one determined to be most consistent with the az-
imuthal symmetry is equivalent to that found in other
isostructural compounds, such as La2CuO4 [31].
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FIG. 3: Stripe-like electronic ordering along [H, 0]. A:
representative momentum scans across Qs = (1/2, 0, L) at a
photon energy E = 6.009 keV. B: integrated RXS intensity at
Qs vs. temperature; the inset shows a series of RXS rocking
curves across Qs for a few representative temperatures.
Having identified the nature and microscopic traits of
the ordered state below TN ∼ 110K, we have focused
on the [H, 0] reciprocal space direction, to search for ad-
ditional ordering instabilities. This further exploration
was motivated by previous heat capacity data hinting
at a second ordering transition around 140K, whose na-
ture has remained undisclosed [22]. Consistently with
a dual-instability scenario, we have observed a resonant
reflection at the wavevector for period-2 stripe order
Qs = (1/2, 0, L) (with L = 4.84 here, as well) as shown
in Figure 3A. Similar to the reflection at the Néel vec-
tor QN , the diffraction peak at the stripe ordering vec-
tor also exhibits a resonant enhancement as the photon
energy is tuned to E = 6.009 keV (see Supplementary
Information). The integrated intensity of the rocking
curves as a function of temperature is shown in Fig. 3B
(RXS scans at representative temperatures are reported
in the inset). Surprisingly, the transition was seen to oc-
cur around Ts ∼ 50K, namely at a significantly lower
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FIG. 4: Phase diagrams at zero and nonzero tem-
peratures. A: The phase diagram at zero temperature
for the Kugel-Khomskii model with J1 = J4 = 1.0, based
on a site-factorized wavefunction approach. Three stable
phases appear in the phase diagram, including SNe´elTCAFO,
SNe´elTAFO, and SCAFMTAFO. The inset is a schematic illus-
tration of the SNe´elTCAFO ordered state. The blue and red
ovals represent |xz〉 and |yz〉 orbitals, respectively. The black
arrows denote the spin state on the |xz〉 or |yz〉 orbital. SNe´el
and SCAFM stand for Néel order and stripe antiferromagnetic
order, respectively. TCAFO marks a stripe-like orbital order
with momentum (pi, 0)/(0, pi),and TAFO represents Néel-like
orbital order with momentum (pi, pi). B: The temperature-
dependence of the magnetic (mS) and orbital (mT ) order pa-
rameters from classical Monte Carlo simulations of the phase
SNe´elTCAFO with J1 = J4 = 1.0, J6 = 0.4, J8 = 0.0 on
L = 24, 32, 40 clusters (marked by the black star in panel
A). The model parameters Ji are set as Ji = t2i /U , where
U is the on-site interaction and ti represent hopping ampli-
tudes between orbitals up to next-nearest neighbors. J1 and
J4 are the nearest-neighbor couplings, and J6 and J8 the next-
nearest-neighbor couplings. Further details are given in the
Supplementary Information.
temperature than the proposed orbital ordering transi-
tion. Here, we should note that a remnant scattering
signal persists above the transition and up to the high-
est measured temperature (200K), yet shows no variation
around 140K. This unusual temperature dependence has
been noted in other transition metal compounds with
coupled spin and orbital order parameters (OPs), in par-
ticular KCuF3 [32], though we cannot rule out additional
OPs of possibly different symmetry contributing to the
remnant signal above the clear transition at Ts. We rec-
oncile the puzzle of this second transition at Ts by noting
that the ordering temperature is close to that of the ap-
pearance of a second oscillatory component near 45K
as recorded by zero-field muon spin rotation (ZF-µ+SR)
measurements on polycrystalline samples [24].
To understand the microscopic physics behind the ob-
served scattering peaks, we examine an effective spin-1
Kugel-Khomskii model for α-Sr2CrO4 (see Supplemen-
tary Information for additional details). In this com-
pound, the necessarily high-spin 3d2 electronic config-
uration form an active t2g orbital subspace. Of par-
ticular interest are results from density functional the-
ory (DFT) calculations showing a reversed crystal field
splitting compared to typical tetragonal systems with
an elongated c-axis lattice parameter [21]. Within this
scenario, two electrons occupy the {|xy〉, |xz〉, |yz〉} t2g
orbital manifold, with a proposed negative energy level
splitting ∆ ∼ −0.6eV between the low-lying |xy〉 and
|xz〉/|yz〉 orbitals. This reversed crystal field leaves a sin-
gle electron in the two-fold degenerate {|xz〉, |yz〉} sub-
manifold, setting the stage for active orbital physics as
encoded in a pseudospin-1/2 degree of freedom. In or-
der to elucidate the essential physics arising from the
interplay of the spin and orbital degrees of freedom in α-
Sr2CrO4 [33–35], we consider the spin-1 Kugel-Khomskii
Hamiltonian as the effective model:
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where Si and Ti are the spin-1 and pseudospin-1/2 op-
erators, respectively. f (n) with n = 1, 2 are functions
of microscopic parameters that include the hopping am-
plitudes between orbitals up to next-nearest neighbor
and the onsite Hubbard interactions and Hund’s coupling
(see Supplementary Information for details). We have
performed calculations using a combination of mean-
field and classical Monte Carlo methods. As shown in
Fig. 4A, we find SNe´elTCAFO, a Néel order accompanied
by a stripe-like orbital order, over an extended parameter
regime in the phase diagram. This phase corresponds to
the same ordering vector as found in RXS experiments.
In Fig.4B, we show the results of classical Monte Carlo
simulations for the evolution of the magnetic and or-
bital order parameters vs. temperature for the phase
SNe´elTCAFO. The numerical results clearly show that,
as temperature is lowered, the magnetic order parameter
develops first, which is followed by the emergence of the
stripe-like orbital order.
The proposed theoretical description captures the
salient features of the experimental observations, includ-
ing the ordering wavevectors (Qs and QN ) and their re-
spective transition temperatures. The Néel spin order
setting in at the higher-temperature transition is con-
sistent with our RXS measurements (see Supplementary
Information) as well as the magnetic measurements in
polycrystalline samples [22, 24]. In addition, because
the orbital order below the lower-temperature transition
develops in a time-reversal-broken background, it is ex-
pected to develop an additional orbital moment at the
same wavevector, in the presence of spin-orbit coupling.
Given that the involved orbitals are |xz〉 and |yz〉, the
orbital moment is likely to dominantly point along the c-
axis, and this appears to be the most consistent with the
existing RXS azimuthal dependence (see Supplementary
Information) although further spectroscopic studies will
be needed in order to reach a firm conclusion. Finally,
while our model study has focused on the largest part
of the energetics, a complete understanding will require
the addition of couplings with smaller magnitude, such
as the interlayer couplings.
In summary, our experimental and theoretical results
uncover the microscopic nature of the antiferromagnetic
state in α-Sr2CrO4, which is here shown using reso-
nant X-ray scattering to arise from collinear Néel-type
order at QN = (±1/2,±1/2, L) with the spin axis in
the CrO2 plane, in close analogy with the parent state
of cuprate superconductors. In addition to Néel order,
we have detected coexisting stripe-like order setting in
at a lower temperature Ts ∼ 50K, with ordering vector
Qs = (1/2, 0, L). A Monte Carlo study of the spin-1
Kugel-Khomskii Hamiltonian captures the observed ex-
perimental signatures of Néel and stripe phases and their
ordering sequence, thereby pointing to the physical real-
ization of this model for a system of d2 ions on a square
lattice. Our study singles out α-Sr2CrO4 as a unique
platform to explore the rich electronic phases in a Kugel-
Khomskii-like spin-orbital system, and underscores the
great scientific potential of a unique transition metal ox-
ide, whose electronic phase diagram as a function of car-
rier doping is yet to be explored.
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